Abstract The formation of polarized epithelial tubules is a hallmark of kidney development. One of the fundamental principles in tubulogenesis is that epithelia coordinate the polarity of individual cells with the surrounding cells and matrix. A central feature in this process is the segregation of membranes into spatially and functionally distinct apical and basolateral domains, and the generation of a luminal space at the apical surface. This review examines our current understanding of the cellular and molecular mechanisms that underlie the establishment of apical-basal polarity and lumen formation in developing renal epithelia, including the roles of cell-cell and cell-matrix interactions and polarity complexes. We highlight growing evidence from animal models, and correlate these findings with models of tubulogenesis from other organ systems, and from in vitro studies.
Introduction
The formation of polarized epithelial tubules is central to the structure and function of many organs, including the kidney [1, 2] . Defects in epithelial tubule organization and polarization are a feature of several inherited renal diseases, including the renal cystic diseases, the most prominent of which is autosomal dominant polycystic disease [2] . Disruption of epithelial integrity and morphogenesis is also characteristic of certain nephronophthises, a group of rare genetic renal disorders of children, characterized by small cysts and interstitial fibrosis [3, 4] . Additionally, overt defects in apical-basal polarity are present in acquired diseases, such as acute kidney injury and cancer [5, 6] . For these compelling reasons, it is imperative to advance our understanding of the mechanisms that govern tubulogenesis and polarization.
Central to epithelial tubulogenesis is the development of spatially and functionally distinct plasma membrane surfaces. Epithelial cells can polarize along two axes, apical-basal and planar polarized, and this review focuses specifically on mechanisms of apical-basal polarity and how they regulate tubular morphogenesis. In renal epithelial tubules, a polarized monolayer surrounds a central lumen. The apical plasma membrane faces the centrally located lumen, the lateral plasma membrane contacts adjacent cells, and the basal plasma membrane contacts the underlying extracellular matrix. Typically within the literature, the basal and lateral membranes are collectively referred to as basolateral membranes. However, it is worth noting that there are features and proteins that are specific to either lateral or basal membranes, such as the laterally located neural cell adhesion molecule (NCAM) in developing nephron tubules. Nonetheless, for simplicity we use the basolateral nomenclature here.
Within each cell, multiple cellular processes must be coordinated to cause the asymmetric distribution of membrane surfaces and maintain their segregation after development. The formation of polarity complexes and polarized vesicular transport is a key element in generating and maintaining this asymmetry. Importantly, however, the apical-basal asymmetry of each cell must be synchronized with that of neighboring cells to form a tubule. This coordination occurs largely through signals from cell-cell and cell-matrix interactions that orient the cells to their environment.
Once apical-basal asymmetry has developed, a luminal space is created, which may be expanded or elongated. These processes can be highly dynamic, as tubulogenesis is accompanied by morphogenetic movements and cellular proliferation. In this review, we discuss the different mechanisms by which tissues undergo tubulogenesis, focusing on lumen formation. We summarize our understanding of the stages of nephron tubulogenesis, namely, apical-basal polarization and lumen initiation, lumen expansion, and finally, lumen elongation.
Biological diversity of tubules
Tubules are one of the most common tissue types in metazoan biology. Therefore, it is of little surprise that there is significant diversity in tubular anatomy. The reader is referred to several excellent reviews that have addressed this in great detail [7] [8] [9] . Some tubules contain lumens enclosed by a single cell, whereas others comprise multiple cells that Bseal^the lumens by auto-or intercellular junctions. The former is less common, and the prototypic example is the Drosophila tracheal system [10] , although the C. elegans excretory cell [11] and a subset of endothelial tubules also have this structure [12] . In fact, the majority of tubules contain multicellular lumens, including the epithelial tubules of the kidney, pancreas, and mammary gland. Additional organizational diversity exists in that tubules may be branched and/or may terminate with a cap-like structure, such as acini (e.g., in the pancreas and the mammary gland) or alveoli (e.g., in the lung). Even the position of the lumen is variable, with hepatocytes positioning their lumen perpendicular to the basal surface of the cell [13, 14] . Despite these differences, a shared feature among these tubules is a single, enclosed lumen.
The formation of a single lumen can occur by several different cellular processes, including budding, wrapping, entrapment, cavitation, and hollowing ( Fig. 1, Table 1 ). In general, the formation of tubules by budding or wrapping starts with a fully polarized epithelium. In contrast, the formation of tubules by entrapment, cavitation, or hollowing is initiated by non-polarized cell(s). Entrapment occurs when migrating cells enclose or Bentrap^extracellular space to form a lumen, as occurs in Drosophila heart formation [15, 16] . Cavitation is a model of lumen formation (e.g., in the mammary epithelia, salivary gland) in which the clearance of an inner cell population through apoptosis creates a luminal space [17] . Hollowing is a mechanism of lumen formation that occurs when a luminal space is generated de novo within a single cell or a cord of cells through the exocytosis of intracellular vesicles [8] . The molecular mechanisms regulating these processes are tissue-and cell-type-specific.
A great deal of our knowledge of the mechanisms that underlie the spatial and temporal regulation of renal tubulogenesis is inferred from cultured cells, of which Madin-Darby canine kidney (MDCK) cells are the most frequently studied. MDCK cells cultured as a monolayer (called two-dimensional culture), in which cells are plated on a culture dish or in a transwell, have been used to study apical-basal polarization and to identify protein complexes that define the apical and basolateral surfaces. Three-dimensional (3D) MDCK cultures are generated by plating dissociated cells into a gel of matrix components; each individual cell proliferates to form a 3D polarized vesicle of epithelial cells surrounding a fluid-filled lumen, termed a cyst. The study of these cultures has provided a good model for tubulogenesis, allowing study of polarization in addition to lumen formation and opening. MDCK cells are thought to derive from cells of the distal nephron [18] , suggesting that this model might most closely approximate nephron tubulogenesis. Nonetheless, MDCK cells have been used to successfully study other types of renal tubulogenesis, including ureteric branching morphogenesis [19, 20] . In addition to the cellular mechanisms, the study of MDCK cells has generated a wealth of information on the molecular players involved in generating and maintaining polarized epithelia. Some of the protein complexes involved are depicted schematically in Fig. 3 and are discussed below.
The mechanism of lumen formation in MDCK cysts is specified by extrinsic cues: cells plated in Matrigel (an extract of matrix proteins and growth factors from murine Engelbreth-Holm-Swarm sarcoma) utilize hollowing, whereas those plated in purified collagen utilize apoptosis for luminal clearing [21] . This difference is thought to be due to differences in the rate of polarization, as cysts plated solely in purified collagen polarize much more slowly than in Matrigel, despite similar rates of cellular proliferation. Slowing the polarization of cells plated in Matrigel, as occurs with Cdc42 depletion, leads to luminal clearing by apoptosis. Thus, luminal clearing by apoptosis is viewed as a corrective mechanism during cyst formation.
The hollowing mechanism in MDCK cysts involves apical membrane delivery by directional vesicle trafficking [22, 23] . During lumen initiation, a subset of apical membrane proteins, e.g., Crumbs family member 3a (Crb3a), are delivered via vesicular transport to a central location between two opposing cells. This apical membrane is expanded with reorganization of some key proteins to apical junctions, followed by luminal opening.
One key difference between in vivo nephron tubulogenesis and cell culture models is that nephrons are derived from mesenchyme, unlike the culture models, and must differentiate and epithelialize concurrently with tubulogenesis. In addition, the environmental cues of the homogeneous culture are dramatically different from those of a developing nephron, which are distinctly asymmetric, with one side contacting the basal lamina of the ureteric epithelium and the other adjacent to vascular and stromal cells. For these reasons, and because of cell-type-specific differences, in vivo models of tubulogenesis from a variety of organisms are quite distinct from the in vitro models and thus need to be studied further.
Cellular mechanisms of lumen formation in renal epithelia
Much of our understanding of renal epithelial tubulogenesis in vertebrates comes from embryological studies performed by Clifford Grobstein in the second half of the 20th century. Grobstein demonstrated that kidney development relies on reciprocal interactions between the ureteric bud epithelium (UB) and the adjacent mesenchyme, the metanephric mesenchyme (MM) [24, 25] . The MM produces signals that stimulate cells on the dorsal side of the nephric duct to grow outward toward the MM, thereby forming the UB (embryonic day 10.5 in mice). The nephric duct and the UB are epithelial tubules. The UB invades the MM by embryonic day 11.5, when the ureteric bud tubule begins to undergo dichotomous (and to a lesser extent, trichotomous) budding throughout the embryonic period (Fig. 2) [26, 27] . UB budding is typically (Fig. 2) . The progenitor stromal cells interspersed with vascular progenitors surround the cap mesenchyme (not shown). As nephron formation begins, the cap mesenchyme becomes compacted to form a pretubular aggregate (PA) that undergoes a mesenchymal-to-epithelial transition (MET), forming a sphere of polarized epithelia with a central lumen. This polarized sphere, called the renal vesicle (RV), may arise via hollowing, as there is no pre-existing extracellular space or evidence of apoptosis at the time of lumen formation. Additionally, numerous subapical vesicles have been visualized by transmission electron microscopy [28] and may represent delivery of apical membrane-containing vesicles to the luminal surface. Subsequently, the renal vesicle elongates to form a primordial tubule called the Bs-shaped body.Ê ach developing s-shaped body fuses with the tip of an adjacent ureteric bud tubule, thus forming a continuous lumen. The sshaped body subsequently undergoes extensive morphogenesis to form the epithelial portion of the nephron from the glomerulus to the distal tubule, whereas the UB gives rise to the collecting duct system. In this regard, the kidney is unique: its epithelia form from two distinct cell types (the UB and CM) and through two cellular processes (budding and probably hollowing). Importantly, the lumen from the UB arises from a pre-existing lumen, whereas the lumen of the nascent nephron arises de novo during MET. These disparate tubule types then undergo a unique process of tubular (and luminal) fusion.
Establishing apical-basal polarity and lumen initiation in the nephron
In the broadest sense, the initiation of tubulogenesis involves the collective orientation of cells within their environment through cell-cell and cell-matrix interactions, the development of apicalbasal polarity, cellular shape changes and movements, and finally, the expansion of the luminal space. The cells of the cap mesenchyme are columnar in shape, aligning with their long axis This mesenchyme, referred to as the cap mesenchyme (gray), condenses to form pretubular aggregates. In the pretubular aggregates, pre-apical domains (red) are present in numerous membranes. Pre-apical domains contain the polarity determinant Par3. These domains reorganize and coalesce in an afadin-dependent manner to form one to two small apical foci/lumen in primitive renal vesicles. Pre-apical domain constituents are redistributed to apical lateral cell junctions (not illustrated) as the lumen expands in the mature renal vesicle. Next, the expanded lumen (red) extends toward the ureteric bud lumen (blue) in the extended renal vesicle. Additional separate lumens form in the distal segment. These additional distal lumens eventually coalesce. Finally, the extended lumen joins the ureteric bud lumen at the s-shaped body stage, where a pronounced s-shaped lumen is visible. Various nephron stages are depicted as black with red lumens. Reproduced and modified from Yang et al. [29] perpendicular to the basal lamina of the ureteric epithelium. Given this alignment and their asymmetric adhesion to the basal lamina, the argument could be made that they are polarized, even though they lack an apical surface. However, the timing of apical-basal polarity begins during pretubular aggregation. Recently, it has been shown that pretubular aggregates have small segments, or microdomains, of the plasma membrane that contain Par-3, a member of the apical Par complex [29] . These Par3-containing microdomains at the plasma membrane have a seemingly nonpolarized distribution. Interestingly, the microdomains exclude basolateral proteins, such as NCAM, suggesting that they might be small regions of the apical surface, or Bpreapical domains.^At the time of renal vesicle initiation, the forming lumen contains Par3 at the apical surface, in addition to apical cell junctions. This suggests that the Par3-containing pre-apical domains of pretubular aggregates might be an early stage of membrane organization preceding overt apical-basal polarity. Their existence implies that the cells of the pretubular aggregates are poised to polarize, before decisions on the directionality of polarization are taken.
The pre-apical domains observed during nephron formation are analogous to the pre-apical patch that has been described in vitro (in MDCK cells), in which a forming apical domain lacks basolateral membrane proteins [22, 30] . In these in vitro models, a single pre-apical patch forms between two cells at the site of the future lumen. However, in a pretubular aggregate, there are numerous pre-apical domains. Because only one, or perhaps two, lumens have been observed to arise from a single pretubular aggregate, it suggests that individual pre-apical domains eventually coalesce or reorganize to form a single apical domain across multiple cells. Pre-apical domains may also serve as docking sites for polarized membrane traffic and may define domain boundaries for junction formation.
How pre-apical domains reorganize or traffic to a forming apical surface is not known; yet, recent data indicate that progression from pre-apical domains to a coordinated apical surface requires afadin, an F-actin binding protein and adaptor to a major class of adhesion receptors called nectins. Afadin colocalizes with nectins at adherens junctions and tight junctions in fully epithelialized cells. During renal vesicle formation, afadin is essential for the timely initiation of apical-basal polarity [29] . The absence of afadin from developing nephrons in mice leads to reduced consolidation of pre-apical domains and delayed polarization, resulting in delayed lumen formation.
Data are lacking on the cellular mechanisms that generate apical-basal polarity and reorganize pre-apical domains in nephrons; thus, we can only speculate about the possibilities. The first possibility is the coalescence of the domains via coordinated endosomal sorting. Several studies that combine mathematical modeling with in vitro experimental data suggest that the generation of apical-basal polarity occurs, at least in part, through vesicular membrane sorting. For example, in yeast, cell polarity is established via the spatial coordination of endocytosis and exocytosis [31, 32] . In MDCK cells, vesicular trafficking of apical membrane components, such as podocalyxin, occurs during the formation of the pre-apical Components of an adherens junction are illustrated. Cadherins and nectins are two major transmembrane receptors, signaling through their adaptor proteins, the catenins and afadin respectively. Catenins include α-catenin, β-catenin, and p120 catenin, as shown. Afadin and α-catenin connect the AJ to the actin cytoskeleton. Afadin interacts with many proteins in addition to nectins, including Rap1, ZO1, and Plekha7 patch [30] , and a similar process may occur in nephron tubulogenesis. A second possibility is stochastic, lateral diffusion and adhesion (on both the same cell and the opposing cell) of adjacent pre-apical domains. In vitro studies have suggested that the kinetics of membrane diffusion are too slow to solely account for the generation of apical-basal polarity [31] . However, in vivo measurements of membrane diffusion are lacking, and membrane diffusion and adhesion may combine with other mechanisms, such as directed vesicular trafficking and cellular movements, to promote polarity. Live imaging studies are likely needed to distinguish among these possibilities. A final consideration is how cell division may play a role in the redistribution of preapical domains and/or apical-basal polarization. During the first mitosis event in the formation of MDCK cysts, apical membrane components, such as Crb3 and podocalyxin, are internalized into endosomal vesicles, partitioned to the spindle poles, and subsequently trafficked along central spindle microtubules to the site of cytokinesis [23] . Near the end of cytokinesis, a transient structure called the midbody forms just before the complete separation of the cells. A different subset of apical proteins (e.g., cingulin) forms a ring around the midbody, and once cytokinesis is complete, these proteins are thought to comprise the apical membrane initiation site [33] . These observations suggest two things: first, formation of the apical surface might depend upon the proper delivery of apical endosomes, and second, the location of the midbody may determine the position of the future apical/luminal surface. The latter has been dubbed Bthe cytokinesis-landmark model^ [34] and implies that factors that determine midbody location may dictate where the apical surface/lumen is placed. In Drosophila follicle cells, loss of cadherin or β-catenin causes mispositioning of the midbody and results in mislocalization of the apical surface in daughter cells once cytokinesis is completed [35] . Whether disruption of the midbody localization per se could lead to multiple lumens in a tubule is not yet certain because loss of individual proteins that disrupt midbody localization also disrupt other aspects of cell division and cell behavior.
Subsequent to the initial lumen formation, the axis of cell division (i.e., the orientation of the mitotic spindle) is important for maintaining the position of the apical surface and expanding the lumen. During metaphase, MDCK epithelia orient their mitotic spindle parallel to the basal lamina and apical surface. Polarity proteins direct the localization of the spindle orientation machinery [36] [37] [38] . The loss of one of several polarity proteins, such as members of the Par complex (Par3, aPKC, Par6, and Cdc42), leads to defects in mitotic spindle orientation and misplacement of the apical surface [38] [39] [40] . Absence/loss of these proteins in MDCK cysts leads to cysts with multiple lumens, but it is unclear if this is strictly due to disrupted orientation of cell division. Supporting such an idea is that the absence/reduction of proteins with a specific function in spindle orientation, such as Lgn, also cause a multi-lumen phenotype in MDCK cell cysts [41] .
Whether or not these mechanisms are generalizable to in vivo settings, and specifically to nephron tubules, is unknown. One main difference, of course, is that there are a larger number of cells involved in lumen initiation of the early renal vesicle. We do not know if a single or several cells Btriggert he initiation of polarization and whether this is coordinated with cell division. Recent studies indicate that individual cells within a genetically homogeneous population express different numbers of mRNAs and produce different levels of proteins that lead to phenotypic changes [42, 43] . Indeed, in the developing kidney, single-cell RNA-seq analysis shows stochastic expression of various genes within nephron progenitor cells [44] . Interestingly, only one to a few of these individual nephron precursors express Wnt4, a known inducer of epithelialization (see the next section below), supporting a model in which specific cells may trigger the process.
MET and Wnt signaling
During nephrogenesis, the onset of apical-basal polarity coincides with the conversion of cap mesenchymal cells to epithelial cells, a so-called mesenchymal-to-epithelial transition (MET). The appearance of pre-apical domains occurs at the onset of MET, as pretubular aggregates are forming, suggesting that overlapping signals might exist. MET is known to involve the successive activities of Wnt9b and Wnt4. Wnt9b, secreted from the ureteric bud epithelium, can trigger differentiation of the cap mesenchyme [45] , in part by inducing expression of Wnt4 in developing pretubular aggregates. Wnt4, then, is both necessary and sufficient to autoinduce its progression to a renal vesicle [46, 47] . The addition of Wnt4 to isolated metanephric mesenchyme induces expression of epithelial markers [48] , and mice lacking Wnt4 fail to develop nephron tubules [46, 47] . The precise stages in which Wnts function, such as if Wnt9b and Wnt4 act before or after the formation of pre-apical domains, is unclear.
The mechanisms in which Wnt signaling induces MET are unknown. One possibility is that Wnts promote cell polarity. Indeed, Wnts signaling has been shown to regulate cadherin expression, and cadherins are well known for their roles in establishing apical-basal polarity and tissue morphogenesis. For example, E-cadherin is required to initiate, but not maintain, apical-basal polarity in vitro [49] . Cadherins are also important in cellular compaction, as occurs during pretubular aggregate formation. During early embryogenesis, E-cadherin causes compaction of the morula, and antibodies that block homotypic interactions of E-cadherin decompact the morula [50] . Compaction itself may promote lumen formation, perhaps by inducing cellular differentiation, as occurs during tooth development [51] . Compaction is also accompanied by increased spatial confinement of cells, and this could hasten lumen formation. MDCK cells confined to a small micropatterned surface with limited cell spreading form lumens at a higher rate than unconfined cells, although this phenomenon only occurs on a collagen matrix [52] .
Although E-cadherin is not expressed during nephron progenitor compaction (i.e., the pretubular aggregate stage) or during lumen initiation, several other cadherins are expressed. During progenitor compaction/aggregation and MET, there is a striking cadherin isotype switch in which cadherin-11 in the cap mesenchyme is replaced by R-cadherin as it forms a pretubular aggregate. R-cadherin expression increases further as the renal vesicle forms, at which time cadherin-6 also becomes highly expressed [53] [54] [55] . Interestingly, Wnt9b induces R-cadherin expression [56] and Wnt4 induces cadherin-6 expression in developing kidneys [57] . However, although both R-cadherin and cadherin-6 null mice have a delay in MET [53, 54] , overt defects in apical-basal polarization have not been reported. This may be a consequence of functional redundancy by other cadherin family members. Indeed, p120ctn, a cadherin adaptor that stabilizes the protein levels of several classical cadherins including R-cadherin and cadherin-6, is required for normal renal tubulogenesis [58] . Mice with conditional deletion of p120ctn from the metanephric mesenchyme have severe morphological defects at early tubule stages [58] . Additional experiments are needed to delineate p120ctn's role in establishing apical-basal polarity and lumen formation.
Cytoskeleton and polarization
Morphogenetic changes in cell shape accompany the polarization process. As cells transition from the pretubular aggregate to the renal vesicle stage, they become wedge-shaped and elongated along their radial axis, forming a rosette before overt lumen opening. In general, mechanisms driving rosette formation involve apical constriction and/or planar polarized constriction [59] , both of which involve dynamic contraction of an actomyosin network. Indeed, in nephron development, an actin focus exists at the central vertices of the rosette before lumen formation, suggesting an apical constriction [29] . In the absence of afadin, rosette formation does not occur [29] . As an F-actin binding protein, afadin may serve to couple adhesive complexes to actomyosin contractility, and a failure of this function may lead to defects in rosette formation.
Role of ECM in establishing polarity
Cell-matrix interactions are critical in the earliest steps of kidney development; yet, their role in establishing apical-basal polarity in developing nephrons has not been studied. A well-established basal lamina from the ureteric bud lies adjacent to the cap mesenchyme. Within developing nephrons, fibronectin is expressed as early as the cap mesenchyme stage [60] . Laminin and collagen isoforms become evident as a discontinuous basal lamina in forming renal vesicles [61] [62] [63] . As the renal vesicles mature, this basal lamina becomes continuous. The timing of the development of the basal lamina suggests that cell-matrix cues occur in concert with cell-cell interactions and the development of apical-basal polarity. Certainly, cell-matrix signaling through integrins is a polarity determinant during the polarization of MDCK cells [64] .
Luminal expansion in the nephron
The composition of the luminal surface undergoes changes during renal vesicle growth. Par-3, initially apical, becomes redistributed to apical junctional complexes, and aPKC and Par6 are increased at the apical surface [29] . The process of epithelialization continues as the early renal vesicle transforms to its more mature state, including the late appearance of typical adherens junctions and tight junctions [65] .
The early renal vesicle has a small lumen, but this subsequently enlarges as the renal vesicle itself enlarges. Because there is no evidence that centrally located cells undergo apoptosis during renal vesicle enlargement, luminal expansion likely does not occur via cavitation. The expansion is likely due, in part, to the increased number of cells comprising the maturing renal vesicle. For example, as discussed earlier, with each cell division, daughter cells will contribute a new apical/ luminal surface to the growing renal vesicle. However, there may also be an enlargement of the apical surface area per cell, as occurs in MDCK cysts via vesicular trafficking and apical exocytosis, the so-called hollowing mechanism [30] . In MDCK cysts, there are abundant Rab11-positive vesicles in the subapical region consistent with recycling endosomes [22] . Similar subapical vesicles have been observed in a number of other tubules, including those of the pancreatic and mammary epithelia, suggesting that exocytosis might be a common mechanism for luminal expansion.
In addition to apical exocytosis, data from other organ systems suggest at least three other processes might play a role in nephron luminal expansion: fluid secretion; tight junction barrier formation; and membrane surface repulsion. Transepithelial ion transport is known to be critical for luminal fluid secretion and absorption in many tubules. Recently, it has been shown that lumen expansion is dependent on an anion antiporter Slc26aα in the notochord of the invertebrate chordate Ciona intestinalis [66] . This study shows that Slc26aα is required specifically for luminal expansion, rather than apical membrane specification or lumen formation. The luminal expansion is dependent on ion transport: point mutants in Scl26aα that block transport do not exhibit luminal expansion.
There is some evidence that the secretion of fluid secondary to directional ion transport may drive luminal expansion in the zebrafish gut [67] . The genetic absence of a negative regulator of the Cl -channel cystic fibrosis transmembrane conductance regulator (CFTR), or the chemical activation of CFTR, leads to increased luminal size in vitro and widening of the zebrafish gut in vivo. This luminal expansion has been attributed to ion/fluid secretion, rather than effects on cell proliferation [68] . Interestingly, although CFTR is present in both the mature proximal and distal nephron, during development it is largely restricted to the apical ureteric epithelium [69] , suggesting that transporters other than CFTR might function in the luminal expansion of nascent nephrons.
Tight junction formation has been implicated in luminal expansion, although the data are indirect. Grainyhead-like 2 (Grhl2), a transcriptional activator expressed in the nephric duct and ureteric epithelium, is required for luminal expansion and barrier formation [70] . Mice lacking Grhl2 die at E11.5 before kidney development; however, the lumen of the nephric duct is noticeably small. Consistent with this, MDCK cells lacking Grhl2 have small lumens and disruption of barrier formation. The small lumens may be partially due to reduced cell proliferation, as there appear to be fewer cells in cross section both in vivo and in vitro; however, there are likely other contributors. Most notably, Grhl2 induces the expression of genes encoding claudin-4, E-cadherin, and the small GTPase Rab25. In the absence of Grhl2, forced expression of claudin-4, a component of tight junctions, rescues barrier function. Claudin-4 will also rescue luminal expansion when co-expressed with Rab25, a constituent of Rab11-containing endosomes. Although Grhl2 may have pleiotrophic effects on lumen formation, these data have led to the hypothesis that Grhl2 might regulate lumen expansion by Bsealing^the epithelial barrier via claudin-4 and facilitating exocytosis of endosomes containing luminal components via Rab25.
Apical lumen membrane repulsion is a mechanism of luminal expansion in the Drosophila heart tube. During Drosophila heart development, two cardioblasts migrate toward each other to generate dorsal and ventral contacts between their opposing apical surfaces, thereby Bentrapping^a central lumen (Fig. 1) . During this process, a lumen forms because the central-most apical surfaces do not come into contact. Both Slit and its receptor, Robo, are apically localized in cardioblasts and are required for an open lumen [15, 16] . This is thought to occur via repulsion of opposing apical surfaces based on Slit's well-characterized role as a chemorepellent in axonal guidance [71, 72] .
Membrane repulsion is also a potential mechanism of lumen expansion in the mouse dorsal aorta. Strilic et al. found that apically localized podocalyxin, a member of the CD34 family of sialomucins, is essential for lumen formation in the mouse aorta [73] . Its role in vascular lumen formation has been ascribed to the electrostatic repulsion of opposing apical surfaces from negatively charged sialic acids on the extracellular domain of podocalyxin [73] . Indeed, removal of sialic acids or charge neutralization inhibits blood vessel lumen formation in mice [74] .
Numerous in vitro studies have shown that podocalyxin plays a central role in epithelial polarity and it is tempting to ascribe its importance to its membrane repulsive characteristics, as has been described previously [75] . However, its role is likely far more complex and multi-faceted. Podocalyxin interacts directly with the adaptor proteins NHERF1/2 and Ezrin, forming a ternary complex at the apical surface that is tethered to the actin cytoskeleton through Ezrin [64, [76] [77] [78] . Polarized distribution of podocalyxin/NHERF to the free surface of single MDCK cells attached to a culture dish is an early event in epithelial polarization, and podocalyxin allows the segregation of apical and basolateral domains in an epithelial monolayer [79] . Depletion of Podocalyxin from 3D MDCK cultures leads to multiple lumens with cytosolic redistribution of NHERF1 [64] and mislocalization of several apical proteins, such as Crb3, to sub-apical Rab11-positive vesicles. Interestingly, the phenotype is not one of absent or collapsed lumens, as might be expected from podocalyxin's role in membrane repulsion. Consistent with these findings, individual depletion of Ezrin, or NHERF1, -2 or -3 also leads to multiple lumens [64] . Collectively, these results suggest that the podocalyxin/NHERF/Ezrin complexes might play a critical role in generating apical-basal polarity and a continuous apical surface.
Despite its essential role in MDCK lumen formation, podocalyxin expression in the kidney is largely limited to hematopoietic progenitors, vascular endothelia, and podocytes [80, 81] . It does not appear to be expressed in or be required for the development of the nephron tubules, although it plays a critical role in podocyte development [82] . Its lack of a role in renal epithelial tubule development is surprising, and it remains possible that other CD34 family members promote lumen formation in renal tubulogenesis in vivo.
Luminal elongation and nephron tubulogenesis
Following the enlargement and luminal expansion of the renal vesicle, it undergoes cellular movements and proliferation to form an elongated structure called an extended renal vesicle (ERV). During its formation, the basal lamina separating the RV and UB is removed, and cells of the distal ERV invade the ureteric epithelium through a non-apoptotic mechanism, forming a single continuous nephron-ureteric bud tubule [65, 83] . This structure then forms its lumen by extension toward the ureteric bud tip and by discrete de novo lumen generation within the distal-most portion of the extended renal vesicle (Fig. 2) . Ultimately, the nephron-ureteric bud lumens become continuous at the s-shaped body stage [29, 65] .
Because the continuous lumen is generated after the tubule forms, the directionality of lumen extension may simply parallel the polarization process, although this is speculative. The Bextending^portion of the lumen is present across the apical surface of many cells, rather than a luminal/apical extension from a single cell that burrows centrally through its neighboring cells. How adjacent lumens merge during this process is not known, and many questions remain. Do lumens fuse at any point along their luminal surface or only at cell-cell junctions? If only at cell-cell junctions, do lumens become closely approximated via an Bunzippering^or rearrangement of adjacent cell-cell junctions? Do cellular movements, such as cell intercalation and rosette formation, bring lumens in close proximity for fusion? Does luminal extension depend on intraluminal pressure from fluid accumulation? Many of these questions will be challenging to answer and likely will require live imaging.
There are emerging data reporting that components of cellcell junctions are required to interconnect multiple lumens during nephrogenesis. For example, afadin is required for continuous lumen formation in addition to its role in timely lumen initiation [29] , although the mechanisms still need to be elucidated. Whereas some of the s-shaped bodies lacking afadin have an abnormal shape, the delay in lumen formation and the discontinuous lumens arise before observable structural defects. This implies a primary defect in lumen formation per se. However, in Drosophila, afadin (Canoe) plays a role in germband extension, a convergent extension process required for body elongation, and it couples the actomyosin network to adherens junctions [84] . One possibility is that afadin might couple adhesive complex remodeling to actomyosin contractility during tubule elongation. Indeed, nonmuscle myosin IIa and IIb are required for both normal tubule morphogenesis and continuous lumen formation in developing nephrons [85] . In the myosin IIa/b mutants, it is unclear which phenotype arises first, and if these defects are interdependent. As stated earlier, an actomyosin network is required for planar polarized constriction and apical constriction. For example, in Drosophila germ band extension, myosin II (Zipper) is critical for planar polarized rosette formation, which leads to cell intercalation and axis elongation [59, 86] . Distinct from this, myosin plays a direct role in apical constriction: its intermittent localization to the luminal surface of cardioblasts coincides with constriction of that apical surface on live imaging [87] .
The link between cellular movements and tubule/lumen lengthening has been demonstrated for the elongation of the Xenopus proximal pronephric tubule and murine collecting ducts [45, 88] . In Xenopus, elongation of the pronephric tubule takes place through cell intercalations and transient rosette formation that occur in a myosin II-dependent fashion. There is constant shrinking and expansion of cellular junctions during the tubule lengthening [88] . Mouse collecting ducts also show evidence of rosette formation on static images [88] , and have the long axis of cells perpendicular to the tubule axis [45, 88] . In addition, murine collecting ducts from early stages of kidney development have higher numbers of cells per cross-sectional area than neonatal tubules [45, 89] . Because of these data, it has been hypothesized that transient rosette formation and cell intercalations drive collecting duct elongation, similar to the process in Xenopus pronephric tubules [45, 88] . It is possible that cell intercalations (also referred to as convergent extension) are also involved in the elongation of mammalian nephron tubules, as in the collecting system, but this has not yet been shown.
During development of the zebrafish pronephros, groups of epithelia within the tubule migrate collectively, while continuously maintaining their apical junctions and polarization [90] . Interestingly, blockage of tubule fluid flow by mechanical obstruction or impaired cardiac output disrupts these cell movements/migration and eliminates proximal tubule convolution. These results suggest that fluid flow itself might be important for cell migration and tubule elongation. Whether or not fluid flow has an effect on lumen formation or the remodeling of renal lumens is unknown.
Just as mitosis and orientation of cell division may contribute to the initiation of lumen formation, these processes may also contribute to elongation of a growing nephron tubule and its lumen. To date, however, evidence is lacking to support this notion within the kidney. In fact, before cell division, ureteric tip cells move into the lumen, where they undergo mitosis and then reinsert/intercalate into the epithelial layer [91] . It is not known if the orientation of this luminal mitosis is critical, and if ureteric bud stalk cells (or other renal epithelia) have a similar behavior. Data from murine collecting tubules suggests that spindle orientation is random during embryogenesis and until shortly after birth [45] . In this case, tubule elongation is hypothesized to result mainly from cell intercalations/convergent extension, as described above. However, it is interesting to note that during mammary duct development, which forms a stratified epithelium postnatally, the stratification occurs when luminal/apical cells divide perpendicularly to the lumen and basal lamina [92] . During these asymmetric divisions, only the mother cell retains its apical surface. This indirectly implies that duct length may be determined by the orientation of cell division in the mammary epithelium.
Orientation of cell division is also important in hepatic epithelial cells for lumen placement, which may drive branching of the hepatic tubules. During liver embryogenesis, hepatocytes divide perpendicularly to their luminal surface (called the bile canaliculi), leading to asymmetric inheritance of the lumen [13, 14] . This creates numerous isolated lumens, which later interconnect. In this manner, a highly branched tubular network is generated.
One question that has arisen is how do adjacent lumens fuse during early nephron tubulogenesis as the tubule is elongating? Little is known to date. Two models have arisen from studies of the anastomoses of zebrafish segmental arteries during embryogenesis [93] . The first is a model in which lumens are brought in close proximity via cellular rearrangements, and then the lumens adjoin along their junctional surfaces through rearrangements of the cell-cell junctions. The second is one in which separate lumens evaginate into an intervening (non-lumenized) cell, hollowing it until the two lumens converge and fuse.
In an additional study of zebrafish cranial vessel anastomoses, two vessels have been shown to contact each other via sprouts from their tip cells and form a cadherin-based junction that expands into a ring-like structure [94] . At the center of this ring, new apical membrane is generated, which ultimately fuses with the existing lumens. Whether or not the luminal fusions occurred at the junctional sites is unclear. Remarkably, the continuous, perfused lumens of the vascular anastomoses are not always stable, with many showing temporary collapse and rearrangements of the apical membrane [94] . This suggests a highly dynamic process with constant remodeling. It will be interesting to determine the similarities of nephron lumenogenesis to these other models.
Beyond development: tubule lumens in maintenance and cystic kidney disease Although the creation of new nephrons ceases before birth in humans (and within several days of birth in mice) [95] , there is tremendous tubule elongation and maturation that occurs postnatally. Once completed, little is known of the mechanisms that maintain the patency of lumens. Indeed, we have limited knowledge of renal tubule remodeling in basal states.
Polycystic kidney disease (PKD) is a heterogeneous group of diseases characterized by the abnormal dilation of renal epithelial tubules. Autosomal dominant polycystic kidney disease (ADPKD) is the most common form in humans and is caused by mutations in Pkd1 or Pkd2 [96, 97] . A central feature of the cystic tubules is a striking loss of apical-basal polarity. Several apical proteins and transporters are mislocalized to the basolateral surface, and conversely, basolateral proteins localize to the apical surface [2] . One prominent example in ADPKD patients is the mislocalization of Na + /K + -ATPase, which relocalizes to the apical surface [98] .
One of the outstanding questions in PKD is whether defects in apical-basal polarity per se play a causative role in cyst formation in human PKD. Several animal models with mutations in polarity proteins (e.g., Crb3 knockout mice [99] ) give rise to cystic kidneys; yet, many do not [100] . One potential explanation for models that lack a cystic phenotype is that organisms may have tremendous functional redundancy in polarity because its paramount importance. However, the pathogenesis of cyst formation is highly complex, and the impact of abnormal apical-basal polarity on cystogenesis is unknown.
In ADPKD, PKD1 has been shown to interact with cadherin complexes [101] [102] [103] and with Par3 [89] . Ecadherin is mislocalized in cysts from ADPKD patients [104] , and PKD1 may regulate the recruitment of E-cadherin to the plasma membrane [102] . Mouse embryonic fibroblasts (MEFs) that lack PKD1 have mislocalized Par3 and an altered stoichiometry of Par complex interactions. Specifically, MEFs lacking PKD1 have reduced Par3 interaction with aPKC and increased Par6 interaction with aPKC. PKD1 was also found to interact with both Par3 and aPKC [89] . Furthermore, mice lacking Par3 from the ureteric epithelia show mild dilation of tubules [89] . However, polarity defects were not observed in these Par3 mutants. Rather, the tubules had an increased cell number in cross-section and altered orientation of the long axis of cells, suggesting a defect in cell intercalation/ convergent extension. Indeed, mice carrying Pkd1 alleles that lack the c-terminal, intercellular tail in UB epithelia also have a phenotype consistent with abnormal cell intercalation/ convergent extension [89] . Previous studies have shown that both Par3 and PKD1 are required for establishing front-rear polarity in migrating cells, and their absence reduces the directional migration of cells [89, 105, 106] . One possibility is that defects in front-rear polarity and abnormal cellular movements/intercalation combine to cause abnormal tubule development and abnormal remodeling in mature tubules, which results in cystic dilation of tubules. Although intriguing, this remains speculative. The relationship among apicalbasal polarity, front-rear polarity, and convergent extension (planar polarity) is not clear. The roles of individual proteins in these processes may vary based on the cellular context, making these processes interdependent. In short, proteins classically considered to play roles in apical-basal polarity may also participate in other types of polarity.
Just as intraluminal fluid accumulation may contribute to lumen expansion during development, excessive fluid accumulation can cause cystic dilation of tubules. Elevated cAMP signaling is thought to be a primary driver for the increased fluid accumulation (and increased cell proliferation) that occurs in cystic tubules [107] . Elevated cAMP signaling leads to the activation of apical transporters, including CFTR, which drives chloride secretion into the lumen, secondarily causing sodium and water secretion [68, 108] . The net water influx causes cyst enlargement. This overexpansion can be blocked using CFTR inhibitors, which partially rescue cyst size in a mouse model of ADPKD [109] . It can also be inhibited in mice and humans by vasopressin V2 receptor antagonists, which inhibit cAMP production [110, 111] .
In addition to abnormal cellular movements/intercalation and increased intraluminal fluid in cystic tubules, increased epithelial cell proliferation is thought to be a major contributor to ADPKD pathogenesis [107] . It is unknown how abnormal apical-basal polarity affects cell proliferation in ADPKD. In general, the relationship between polarity and proliferation is complex, and cell-type-and context-dependent. Loss of polarity could induce apoptosis or proliferation, which may occur in a cell-autonomous or noncell-autonomous fashion. One possible link between polarity and proliferation is through the Hippo signaling pathway, which orchestrates the balance between proliferation and apoptosis [112] . In ADPKD, Hippo signaling in cystic tubules appears to be increased, which would promote cell proliferation [113] . In support of this, the absence of Fat4, a negative regulator of Hippo signaling, leads to polycystic disease in mice [114] , although it is important to note that Fat4 is involved in planar polarity as well. Importantly, several polarity protein complexes negatively regulate Hippo signaling [115] , implying that altered function of these complexes could lead to unrestrained Hippo signaling and thus cell proliferation.
Finally, in PKD considerable effort has been made to determine the role of oriented cell division in cyst development and this is still an area of some debate (reviewed in [100] ). At least one compelling study refutes the hypothesis that defects in the orientation of cell division cause or initiate cyst formation. This study shows that pre-cystic tubules in mouse models lacking PKD1 or PKD2 do not have misorientation of cell division [116] . This study also identified a mouse model that has misorientation of cell division in the absence of cystic tubules. These results are consistent with the studies on developing collecting ducts discussed earlier; namely, that other processes such as convergent extension are primary drivers of tubule length and diameter [45] . It is interesting to note, however, that in ADPKD some cysts appear to be detached and discontinuous with a tubule [117] . How this occurs is unknown, but there may be similarities to the discontinuous lumens observed in mutants of polarity proteins, such as Cdc42 and Par3, which are accompanied by defects in oriented cell division [38, 40, 118] . Further work is needed to elucidate these concepts.
Conclusion
The generation of nephron tubules requires at least three general processes. At the onset are epithelialization and apicalbasal polarization, which initiates lumen formation. This is followed by lumen expansion. Finally, a dynamic set of cell movements drives tubule morphogenesis and lumen elongation. During each of these processes, multiple activities within each individual cell are coordinated with adjacent cells and with the extracellular environment. Some of the concepts and molecules integral to distinct events during tubulogenesis, such as the role of afadin/nectin signaling, are only now beginning to emerge. As our knowledge grows, new questions arise. One in particular that promises to be an exciting new area of study is the role of the microenvironment and other cell types (e.g., stroma and vasculature) in polarization and tubulogenesis. Additionally, causal links between defects in apical-basal polarization and disease pathogenesis of various human congenital and acquired renal diseases have yet to be established. Further progress in these areas would open up new avenues for novel therapeutics. Overall, renal tubulogenesis is an intricate and beautiful process, an example of the wonders of nature and the mysteries we strive to unravel.
